The yeast Saccharomyces cerevisiae is a well-established workhorse, either for recombinant or natural products, thanks to its natural traits and easily editable metabolism. However, during a bio-based industrial process it meets multiple stresses generated by operative conditions such as non-optimal temperature, pH, oxygenation and product accumulation. The development of tolerant strains is therefore indispensable for the improvement of production, yield and productivity of fermentative processes. In this regard, plants as resilient organisms are a generous source for fishing genes and/or metabolites that can help the cell factory to counteract environmental constraints. Plants possess proteins named temperature-induced lipocalins, TIL, whose levels in the cells correlates with the tolerance to sudden temperature changes and with the scavenging of reactive oxygen species. In this work, the gene encoding for the Arabidopsis thaliana TIL protein was for the first time expressed in S. cerevisiae. The recombinant strain was compared and analysed against the parental counterpart under heat shock, freezing, exposure to organic acid and oxidative agents. In all the tested conditions, TIL expression conferred a higher tolerance to the stress imposed, making this strain a promising candidate for the development of robust cell factories able to overtake the major impairments of industrial processes.
INTRODUCTION
Yeasts have a very long tradition in food and beverages biotransformation, thanks to their natural abilities and metabolism: bakers and brewers' yeasts represent a prominent example. However, despite being engaged for their innate traits, yeast cells are often limited in performances by industrial constraints and requirements (Attfield 1997; Rodríguez-Vargas et al. 2007 ).
Similar considerations, if not more extreme, can be drawn in respect to the advent and to the positive achievements of modern biorefineries: also in these processes, yeasts deserved a prominent position as workhorses, for not only natural but also recombinant products, such as biofuels and chemical platforms starting from residual biomasses (Wendisch et al. 2016) . Overall, the cell factory has very often to face multiple and fluctuating stresses that are caused, to cite few examples, by non-optimal temperature, pH, oxygenation, toxic compounds present in crude substrates, and product accumulation (Gibson et al. 2007; Teixeira, Mira and Sá-Correia 2011) . These stresses largely affect cellular metabolism and viability, with negative consequences on yields, productions and productivities (Porro et al. 2014) . Therefore, the development of robust strains is crucial for the design of a feasible process of production (Porro and Branduardi 2009; Porro et al. 2011; Van Dien 2013) , as witnessed by the large number of researches in the field.
The approaches applied for obtaining a genetically tailored robust host are often characterised by focussing on a target to be modified and on a source of molecular determinants, which can be also phylogenetically not closely related to the chosen cell factory. Plants, thanks to their resilient nature (Pandey et al. 2016) , represent a still largely unexploited source of stress-scavenging agents. Consequently, plant genes/pathways responsible for stress response might be expressed in the preferred microbial cell factory in order to improve its traits.
Among other unexplored traits, plants possess an array of proteins named lipocalins. Lipocalins are an ancient and functionally diverse family of mostly extracellular ligand-binding proteins that are found not only in plants but also in bacteria, protists, arthropods and chordates (Charron et al. 2005) . In mammalian, lipocalins were early established as carrier proteins, especially in human blood plasma or other body fluids, including tears and genital secretion, where they act as secretory proteins (Schiefner and Skerra 2015) .
Members of this family share low amino acid sequence identity and a simple tertiary structure. Classification of lipocalins is based on two characteristic features: the presence of structurally conserved regions in the primary structure and the ligand-binding site. The conserved eight-stranded beta-barrel, a structure also found in human fatty acid binding proteins (Chmurzyńska 2006) , comprises the internal hydrophobic specific ligand-binding site. The diversity of the cavity and the scaffold of the protein give rise to a variety of different binding specificities, including a putative surface of interaction with macromolecules, each capable of accommodating ligands of different size, shape and chemical traits (Flower, North and Sansom 2000) . They can bind a remarkable array of small hydrophobic molecules; the list of the described potential ligands is constantly growing and includes fatty acids, steroids, retinoids, pheromones and odorants. Furthermore, lipocalins activity correlates with many other important functions such as modulation of cell growth and metabolism, binding of cell surface receptors, membrane biogenesis and repair, induction of apoptosis, maintenance of cell homeostasis (Akerstrom, Flower and Salier 2000; Flower, North and Sansom 2000; Charron et al. 2002; di Masi et al. 2016) .
Among lipocalins, temperature-induced lipocalins (TIL) are encoded by plant genes induced by high and low temperature and their level of expression have been associated with the plant capability to display freezing tolerance (Charron et al. 2008) . The first plant genes encoding for TI lipocalins have been identified from wheat (Triticum aestivum) and Arabidopsis thaliana (Charron et al. 2002) . Moreover, they were associated to thermotolerance (Charron et al. 2008; Chi et al. 2009 ), oxidative (Charron et al. 2008; Chi et al. 2009; Abo-Ogiala et al. 2014; Boca et al. 2014; He et al. 2015) , salt (Abo-Ogiala et al. 2014) , drought and high light (1300 μmol photons m −2 s −1 at 7
• C for 24 h) (Levesque-Tremblay, Havaux and Ouellet 2009; Boca et al. 2014 ) stress tolerance. Indeed, plants deleted for TIL gene are more sensitive to freezing, to sudden and prolonged exposure to the light, and to Paraquat herbicide, and they accumulate ROS more than the wild type (Charron et al. 2008; Chi et al. 2009; Boca et al. 2014) . On the contrary, when TIL is overexpressed, plants display a longer vegetative phase, are more resistant to sudden temperature changes and to Paraquat exposure, and they accumulate less reactive oxygen species (ROS) than the wild type (Chi et al. 2009 ). Because of the above-described positive effects in plants in unfavourable situations, in this work the gene encoding for the A. thaliana TIL protein was expressed in Saccharomyces cerevisiae. The recombinant strain was compared and analysed against the parental counterpart under different limiting conditions, comprising heat shock, freezing, and exposure to organic acid and to oxidative agents.
It has to be emphasised that TIL expression made the yeast more tolerant to the tested constraints, especially when applied as pulse stress. In general, the acquirement of robust phenotype against persisting stresses is considered of primary importance. Nevertheless, an augmented capability to counteract sudden changes is also highly relevant, since chemicalphysical parameters are often fluctuating during a process of production and/or final use of the cellular biomass. As example, sudden temperature changes are relevant in respect to processes of production such as baking, where active frozen dough are desirable for oven-fresh bakery products, or brewing, where temperature changes can affect beer production and quality, as well as in other processes where sudden temperature fluctuations are occurring or desirable. Therefore, the proposed engineered strain can be of potential interest for further optimisation and consequent applications, deserving to be tested under industrially relevant conditions.
MATERIALS AND METHODS

Yeast strains, transformation, media formulation and cultivation condition
The Saccharomyces cerevisiae CEN.PK 102-5B strain [MATa, TRP1, SUC2 ] was used in this study for AtTIL overexpression. Yeast transformation was performed according to the LiAc/PEG/ss-DNA protocol (Gietz 2014) with the integrative construct described in the next paragraph. For each set of transformation, at least three independent transformants were initially tested, showing no significant differences among them. Yeast cultures were grown in minimal synthetic medium (0.67% w/v YNB medium; cat. no. 919-15, Difco Laboratories, Detroit, MI, USA) with 2% w/v D-glucose as carbon source. Uracil and the required amino acids were added to a final concentration of 50 mg/l.
For the kinetics of growth, oxidative stress was imposed by adding hydrogen peroxide (H 2 O 2 ) to the culture medium to a final concentration of 3.5 mM, while organic acids stress was performed by adding acetic acid and formic acid to a final concentration of 60 mM and 10 mM at pH 3, respectively. Cell growth was monitored by measuring the Optical Density (OD) at 660 nm at regular time intervals, and cells were inoculated at an initial OD of 0.1. All strains were grown in shake flasks at 30
• C and 160 rpm and the volume:medium ratio was 5:1. In the case of growth at not optimal temperatures, yeast cells were grown at 42
For the pulse stress, cells were grown until the early stationary phase of growth was reached and then 1 OD 660nm of cells was collected. After the treatment, cells were spotted in permissive conditions or stained with propidium iodide (PI) for the subsequent viability test at the flow cytometer. For the heat shock, cells were incubated for 8 min at 53
• C for the spot test and 2, 4, 
Gene amplification and plasmid construction
TIL1 gene was amplified from the Arabidopsis thaliana cDNA library by PCR using the oligonucleotide primers TIL FW (5 -CACTGAATTCATGACAGAGAAGAAAGAGAT-3 ) and TIL REV (5 -AGTGCCCGGGTTTGCCGAAGAGAGATTT-3 ). Primers were designed to allow the expression in frame with the Human Influenza Hemagglutinin (HA)-tag at the C-terminal, provided by the expression vector pYX012 (R&S system, Wiesbaden, Germany). Standard conditions used were 0.5 μM primers, 2.5 U of Polymerase Pwo (Roche, Mannheim, Germany), 10 μM DeoxyNucleoside Triphosphate (dNTPs) and 0.3 μg of DNA. The program used for amplification of the two gene fragments was as follows: after 5 min at 94
• C, 30 cycles (each cycle consisting of 1 min at 94
• C, 30 s at 58
• C and 45 s at 72
• C) were carried out, followed by 10 min at 72
• C. The obtained DNA fragment was subcloned into the shuttle plasmid vector pSTBlue-1, using the Perfectly Blunt Cloning Kit (Billerica, Massachusetts, USA) and subsequently sequenced to verify the correct amplification. The TIL gene fragment EcoRI-XmaI cut was subcloned into the integrative yeast expression vectors pYX012 cut with the same enzymes. The obtained vector pYX012TIL1 and the empty control vector pYX012 were linearised with PstI and directly used for yeast transformation. Integration of the constructs was confirmed by PCR analysis. All the restriction enzymes used are from NEB (New England Biolabs, Hitchin, Herts, UK).
Total protein extractions for western blot analysis
A total of 10 8 cells were broken by glass beads in 20%
Trichloroacetic Acid (TCA). After centrifugation, the pellet was resuspended in the Laemmli buffer system and in 1 M Tris, pH 7. The samples were boiled for 3 min and after centrifugation the supernatant was collected for the western blot analysis.
Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and western blot analysis to detect TIL-HA
The samples were loaded on a 12% poly-acrylamide analytical SDS gel. Electrophoresis in the separating gel was conducted at 40 mA for 1 h. After the stacking gel was removed, transfer of proteins from SDS gels to 0.45 μM Protran Nitrocellulose Transfer Membrane (Whatman, Maidstone, UK) was done for 1 h at 250 mA. The nitrocellulose paper was washed in three changes of Tris-Buffered Saline (TBS)-Tween or TBS over 30 min. The membrane was then incubated in 10% milk made in TBS-Tween for 1 h with shaking. After washing in three changes of TBS-Tween or TBS over 30 min, a monoclonal anti-HA antibody (Dualsystems Biotech, Schlieren, Switzerland), diluted 1:5000 in 1% milk/TBSTween, was applied to the nitrocellulose membrane. After incubation overnight at 4
• C with shaking, the membrane was washed in three changes of TBS-Tween or TBS over 30 min. Rabbit anti-Mouse IgG (FC) secondary antibody, AP (alkaline phosphatase) conjugate was diluted 1:15 000 in 5% milk/TBS-Tween and applied to the nitrocellulose membranes for 1 h at room temperature with shaking. The membranes were washed in four changes of TBS-Tween or TBS over 40 min and dried. The membranes were incubated with CDP-Star Chemiluminescent Substrate for 5 min at room temperature under gentle agitation. The nitrocellulose membranes were then exposed to Pierce Cl-x posure film to reveal TIL-HA signal.
Fluorescence microscopy
Exponentially growing yeast cells were fixed on coverslips and immunostained as previously detailed (Schulte et al. 1995) using monospecific Anti-HA (Sigma-Aldrich) antibodies and Cy3-conjugated secondary anti-mouse antibodies (Jackson ImmunoResearch). Immunofluorescence was visualised under a Nikon Eclipse 90i fluorescence microscope, and images were acquired using the software Metamorph 2.2.
Flow cytometric analyses
Cell viability
After shock tests, each sample of cell suspension was centrifuged (5 min at 6000-8000 rpm; 1 × 10 7 cells) and washed twice 
ROS content
ROS was detected by Dihydrorhodamine 123 (DHR 123) staining as described by Madeo et al. (1999) . Cells shocked with hydrogen peroxide were subsequently incubated with DHR 123 (Sigma Chemical Co., St. Louis, MO, USA) for 2 h and then washed twice with PBS buffer. The fluorescence emission was measured through a 525-550 nm band pass filter (FL1 parameter) for DHR signal, using the same instrument and conditions described for the PI staining.
Evaluation of lipid peroxidation
An estimation of lipid peroxidation was based on the level of malondialdehyde (MDA) formed after hydrogen peroxide pulse stress of S. cerevisiae strains, as described by Steels, Learmonth and Watson (1994) . After the shock, cells were pelleted, washed twice with deionised water and then mechanically disrupted with Fast Prep (Savant) for six cycles of 20 s each with an equal volume of glass beads (0-5 mm diameter) in Tris 0.1 M pH 7.8 buffer solution.
Extracts were centrifuged at 10 000 rpm for 15 min and 500 μL of supernatant was mixed with 1 mL of Thiobarbituric Acid Reactive Substances (TBARS) solution (TCA 15%; thiobarbituric acid 0375% (w/v); HCl 0,25 N). The reaction mixture was incubated in a boiling water bath for 1 hour and, after cooling, the absorbance at 532 nm was measured. The content of malondialdehyde was calculated using a MDA calibration curve and expressed as pmol of malondialdehyde per mg of fresh biomass. were grown in shake flasks in minimal (YNB) medium with 2% w/v glucose and nutritional supplements until the exponential phase of growth was reached. TIL-HA level was evaluated in the total protein fraction, extracted with TCA, using an anti-HA monoclonal antibody followed by a secondary antibody AP conjugate (A). TIL localisation was evaluated under epifocal microscope in cells fixed and immunostained with an anti-HA monoclonal antibody followed by a secondary antibody Cy3-conjugated. Representative captured images are reported (B).
Statistical analyses
All statistical analyses, where P-values are indicated, were performed using a two-tails, unpaired, heteroscedastic Student's t-test.
RESULTS
The Arabidopsis thaliana TIL in yeast: gene expression and protein localisation
Based on the reported beneficial effects of lipocalins in plants (Charron et al. 2008; Chi et al. 2009; Levesque-Tremblay, Havaux and Ouellet 2009; Abo-Ogiala et al. 2014; Boca et al. 2014) , we expressed A. thaliana TIL in Saccharomyces cerevisiae. In plant, TIL was first localised at the plasma membrane, possibly because of a hydrophobic loop, since it does not possess an N-terminal signal peptide (Charron et al. 2005) . More recently, by differential membrane protein extraction, AtTIL has been found to be associated not only to the plasma membrane, but also to other organelles, suggesting a role in intracellular compartments as peripheral membrane protein (Hernández-Gras and Boronat 2015) .
Since in the literature no other examples of AtTIL expression in S. cerevisiae are reported, we first evaluated the gene expression in terms of protein presence and localisation. TIL coding sequence, functionally fused at the C-terminal with the sequence encoding for the detectable HA tag, was cloned into an integrative yeast vector under the control of the constitutive and strong promoter of TPI (see Materials and Methods section). The presence and the localisation of the protein were revealed in exponentially growing cells by western blot analysis and immunocytochemistry, respectively (Fig. 1) . The analyses demonstrated that the TIL::HA fusion protein was produced in yeast (Fig. 1A) without a preferential localisation, since the immunofluorescence signal was visible throughout the cell (Fig. 1B) .
Effect of TIL overexpression on temperature shocks
Since in plant TIL is directly involved in the response to temperature changes, preserving viability, and since this parameter might positively influence yeast production, productivity and yield during industrial biotechnological processes, we evaluated the effect of TIL overexpression on cellular tolerance after a heat and chilling shock.
For heat shock, transformed and control cells were spotted on agar plates after a treatment at 50
• C, 51
• C and 53
• C for a fixed time of 8 min. While the treatment at 50
• C seemed not to result in growth differences if compared to the not shocked samples, starting from 51
• C TIL expression seemed to give some advantages to the yeast (data not shown). In particular, the strongest difference between transformed and control strains appeared after heat shock at 53
• C (Fig. 2A) . To further characterise the consequences of the heat shock on control versus engineered strain, the respective cells were stressed at the temperature of 53
• C for different period of time (2, 4, 8 and 10 min) and stained soon after with PI to identify dead and/or severely compromised cells by flow cytometer. The analyses confirmed that, for every exposure time, TIL-expressing cells showed a higher viability/plasma membrane integrity compared to the cells of the control strain, and these differences were significant when the stressful condition was maintained for longer time (Fig. 2B) . It is known that robustness against sudden shock and against a persistent limiting condition is the reflection of different acquired phenotypes. In order to monitor if engineered cells could also duplicate under cultivation at higher temperature, we evaluated their growth (together with the one of the control strain) at the temperatures of 42
• C and 43
• C, and at 30 • C, as control condition (Fig. S1 , Supporting Information). While at 30
• C there were no differences between strains, at 42
• C it was possible to appreciate a limited growth advantage of the TIL-expressing yeast compared to the control, difference that is nevertheless not maintained at the higher temperature tested. Since in plants TIL is also induced by cold, we evaluated its possible protective role in yeast after a chilling shock. As before, cells were spotted on agar plates after an incubation of 1 h at -20
• C. Although we did not observe differences between the cells in the spot test (Fig. 3A) , we analysed cells for metabolic integrity at the flow cytometry as the capability to avoid PI staining/storage. Besides testing the cells treated as for the spot test, we also added a test implying a pre-adaptation of 1 h in icecooled water before the incubation of 1 h at -20 • C. As shown in Fig. 3B , the engineered strain presented a significant higher percentage of PI-negative cells compared to the control strain, in both conditions.
Effect of TIL overexpression on organic acid stress tolerance
In order to test if the improved strain robustness towards temperature stress could be extended to other environmental constraints, wild-type and engineered strains were tested for acidic stress caused by organic acids. In particular, we tested the effects of acetic and formic acids, which are among the strongest growth inhibitory compounds released from pre-treated lignocellulosic biomass that is abundantly used as substrates in second-generation productions (Klinke, Thomsen and Ahring 2004) . TIL-expressing and control strains were shocked for 1 h with 150 mM acetic acid or 20 mM formic acid at pH 3 (concentrations that can reasonably be found in pre-treated lignocellulosic biomass) and, after that, cells were spotted in permissive conditions. As shown in Fig. 4 , the growth of both strains was negatively influenced by the treatment with the organic acids, phenomenon that was particularly pronounced in the case of formic acid (as evidenced by the different concentrations used). As previously observed for the temperature shocks, the TILoverexpressing strain showed a higher tolerance to a sudden organic acid exposure compared to the wild-type strain. As before, cells were also stained with PI and the flow cytometric analyses confirmed the trend showed by the spot test (Fig. 4B) . We also evaluated the effects of a persistent acidic stress at low pH throughout the growth in minimal glucose media containing these compounds, compared with control condition (minimal glucose medium, pH 3). Acetic and formic acid exposure at low pH caused a growth delay compared to the control condition, but TIL overexpression had a positive impact on the cellular growth, in terms of higher biomass accumulation, under acetic acid stress (Fig. S2, Supporting Information) .
Effect of TIL overexpression on oxidative stress tolerance
In literature it is reported that the exposure to low temperature induces oxidative stress in plants (Charron et al. 2008) , as well as organic acids treatment in yeast (Piper et al. 2001; Giannattasio et al. 2005; Martani et al. 2013; Martorell et al. 2007) . Therefore, the production of AtTIL might increase freezing and acidic stress tolerance in yeast (as shown in Figs 3B and 4A) , because of its ability as scavenger of ROS and peroxidised lipids, as previously demonstrated in plants by Chi et al. (2009) . . Spot test and viability determination after organic acids shock. TIL-expressing and control cells were grown in shake flasks in minimal (YNB) medium with 2% w/v glucose and nutritional supplements at 30
• C until the stationary phase of growth was reached. After that, they were exposed to 150 mM acetic acid or to 20 mM formic acid, at pH 3, for 1 h and aliquots (5 μL) of serial dilutions (indicated at the top) were spotted on agar plates. The image was taken after 48 h of growth at 30
• C (A). Cells grown at 30 • C exposed to 150 mM acetic acid or to 20 mM formic acid, at pH 3, for 1 h and then they were stained with PI to detect dead and/or severely damaged cells by flow cytometry. As control, the cells were not shocked. The histogram indicates the percentage of viable cells and the values shown are the means of at least three experiments: differences are not statistically significant (B).
Figure 5. Spot test and viability determination after oxidative shock. TIL-expressing and control cells were grown in shake flasks in minimal (YNB) medium with 2% w/v glucose and nutritional supplements at 30
• C until the stationary phase of growth was reached. After that, they were exposed to 10 and 20 mM H2O2 for 30 min and aliquots (5 μL) of serial dilutions (indicated at the top) were spotted on agar plates. The image was taken after 48 h of growth at 30
• C (A). Cells grown at 30 • C exposed to 10 and 20 mM H2O2 for 30 min and then they were stained with PI to detect dead and/or severely damaged cells by flow cytometry. As control, the cells were not shocked. The histogram indicates the percentage of viable cells and the values shown are the means of at least three experiments ( * P < 0.05 Student's t-test).
Y axes: starts from 70% (B).
In order to verify this hypothesis, wild-type and engineered strains were exposed to oxidative stress. Once more, a qualitative evaluation was performed through the spot test on agar plates after imposing hydrogen peroxide stress for a limited period of 30 min (Fig. 5A) . The exposure to both tested concentration of H 2 O 2 (10 and 20 mM) affected the growth of the cells if compared to the not treated samples. Nevertheless, TILoverexpressing strain turned out to be less sensitive to the stressing agent than the wild-type strain. As shown in Fig. 5B , the percentage of cells negative to PI staining was also significantly higher for the TIL-expressing yeast than for the control strain, confirming the trend seen in the spot test. In the light of the differences observed, the intracellular ROS content and the degree of the lipid peroxidation were measured in both strains.
Cells were grown in minimal medium until the stationary phase of growth was reached and, after a shock with 5 mM H 2 O 2 , they were stained with DHR 123 for the detection of ROS (Madeo et al. 1999) . The lower H 2 O 2 concentration was chosen to avoid a significant drop in viability that could obviously influence the levels of ROS accumulation, since they derive from metabolically active cells. Samples were analysed with flow cytometer, and the resulting dot plots are compared in Fig. 6 . On the dot plots (forward scatter vs DHR 123), each individual cell is represented by a single dot and it is quite easy to recognise at least two distinct yeast subpopulations. A first healthy subpopulation defined only by the background signal (green colour) and a second subpopulation of ROS accumulating cells (blue colour). The data reported in the upper panels of Fig. 6 show that no differences in ROS accumulation between the cells were observed in the control condition. When the H 2 O 2 stress was imposed, the intracellular ROS content increased in both strains, but in the TIL-expressing strain the ROS levels were significantly lower compared to the parental strain, suggesting a role of TIL as ROS scavenger.
As in plant TIL seems to enhance resistance to oxidative stress also acting as a scavenger of lipid peroxidation intermediates (Levesque-Tremblay, Havaux and Ouellet 2009), the malondialdehyde analysis (see Materials and Methods section) has been carried out on recombinant and control yeast cells after the oxidative shock (Fig. 7) . MDA can be used as an index of lipid peroxidation level because it is one of the several products formed by the action of radical polyunsaturated fatty acids resulting from the attack of ROS to a double bond of a polyunsaturated fatty acid (Pamplona 2008) . The histograms showed that the MDA content was clearly influenced by the oxidative shock and it was significantly lower in the TIL-expressing yeasts compared to the control strain both at the concentration of 10 and 20 mM H 2 O 2 .
Intracellular ROS and MDA results, taken together, might support the speculation that TIL protects cells from oxidative damage by scavenging the intracellular production of ROS and/or peroxidised lipids.
It is very likely that during industrial bioprocesses a limiting situation evoking the accumulation of free radicals can be transient, but also persistent throughout the whole process. Therefore, as for the other limiting conditions, the protective effect of TIL expression has also been evaluated when cells were cultivated in minimal glucose medium without (as control) or with hydrogen peroxide 3.5 mM (Fig. S3 , Supporting Information). In the absence of H 2 O 2 , no differences between control and recombinant strain were appeared. When the stressing agent was added, the growth of both strains resulted negatively influenced, despite the engineered cells were able to resume growth, indicating a positive effect due to TIL expression.
DISCUSSION
In this study, we describe for the first time the expression of a plant TIL in Saccharomyces cerevisiae with the aim to observe a possible positive contribution, due to the natural role of the protein, to yeast robustness.
We demonstrated that the protein is produced in the cells, with no preferential localisation, even though in plant TIL has been initially described as a plasma membrane protein (Charron et al. 2005; Abo-Ogiala et al. 2014) . Nevertheless, the absence of a clear targeting sequence and other description on the cytoplasmic localisation in plant cells (Hernández-Gras and Boronat 2015) make our observations compatible with its functionality in yeast. Consequently, we tested if TIL could confer protection to abiotic stresses also when heterologously expressed in the yeast S. cerevisiae, as it does in plants.
Several studies conducted in plants demonstrated the beneficial role of TIL against diverse environmental constraints, as described in the Introduction section. In this work, our attention focussed on temperature fluctuations and on the exposure to organic acids, which are among the major impairments to overtake in industrial processes, including the second-generation productions that mainly exploit lignocellulosic biomasses. The AtTIL overexpression ameliorated the robustness of S. cerevisiae: heat and cold shock negatively affected the control strain more than the engineered one, and this observation could also be extended to the stress caused by a pulse of organic acids as acetic or formic acid. For the first time ever, we demonstrated on the one hand that the heterologous expression of a plant lipocalin can confer thermotolerance in yeast as in plant, and on the other hand we demonstrated that AtTIL can also counteract organic acid stress in yeast, suggesting for this protein a novel and never described protective role.
The above-mentioned abiotic stresses share the ability to evoke the accumulation of ROS (Apel and Hirt 2004; Du et al. 2008; Allen et al. 2010; Fossati et al. 2011 ) that induce oxidative damages and, among them, membrane lipids peroxidation (He et al. 2015; Berterame et al. 2016) . In the light of this evidence, we tested the effect of H 2 O 2 exposure on the engineered and on the control strain. As expected, the oxidative agent caused the accumulation of ROS and peroxidised lipids, but to a significantly lower extent in the TIL-expressing strain. Moreover, the protective effect was also detected in terms of growth advantage, both under pulse or persisting stress.
Overall, we might speculate that TIL participates in the scavenging of free radicals generated after abiotic stress conditions, preserving cell viability and helping to restore the membranes integrity, as described in plant (Levesque-Tremblay, Havaux and Ouellet 2009; Boca et al. 2014; He et al. 2015) . Therefore, thanks to its natural sequestering propensity TIL might act as a shield against the damages that can be evoked during industrial bioprocesses. However, we have noticed that with the exception of H 2 O 2 stress, in all the other cases the advantage of the engineered strain appeared only when the stress was transiently applied. We might infer that the lipocalin protective role operates until saturation, caused by the occupancy of the protein cavity by the reactive species. Therefore, if the stressing agent is removed after a short time, cells that were protected by TIL can more efficiently resume growth and viability. Differently, when the stress is prolonged over time, the amount of ROS increases, overriding the preliminary beneficial effect generated by TIL. To be confirmed, this speculation would require the elucidation of the TIL mechanism of action, which is still unclear. Moreover, considering that the activity of some lipocalins has been described in the extracellular environment (Schiefner and Skerra 2015) , it would be interesting to study a possible protective role for TIL, as well as for other lipocalins, when secreted in the culture medium.
Finally, the expression of TIL in S. cerevisiae can be proposed as a novel tool, alone or in combination with other ameliorating strategies, for increasing yeast resistance to transient stresses caused by sudden changes in fermentation conditions that might occur during industrial processes, including secondgeneration production based on lignocellulosic feedstocks.
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